Abstract⎯This work deals with the study of photodeposition (PD) of gold nanoparticles (AuNPs) on TiO 2 by using different illumination sources, Medium pressure Mercury lamp (ML), Solar Simulator equipped with AM 1.5 (SL) and Tungsten lamp (WL). Different particle size of AuNPs on TiO 2 were obtained by photodeposition method under different illumination sources, which clearly proves the influence of light source on the synthesis of Au-TiO 2 . The plasmonic activity of Au-TiO 2 photocatalyst for water splitting reaction was observed to be strongly influenced by the particle size of Au as well as illumination source. Amongst the three different illumination sources used, smallest particle size for AuNP-TiO 2 were observed under ML followed by SL and WL, as revealed by TEM analysis. Different illumination sources were also investigated to evaluate the activity of Au-TiO 2 samples thus prepared under different illumination conditions. The order of hydrogen evolution rate (HER) observed for Au-TiO 2 with different source of illuminations is ML > SL > WL. The highest HER of 1709 μmol/h was observed for Au-TiO 2 , which was synthesized and evaluated under ML irradiation. This may be explained on the basis of reduced catalytic activity and photothermal effect of Au nanoparticles with increasing particle size.
INTRODUCTION
Semiconductor photocatalysis has been drawing great attention and is the focus of numerous studies due to its potential for generation of clean and renewable energy [1] [2] [3] [4] . TiO 2 is emerging as a promising photocatalyst for hydrogen generation through the water splitting reaction because of its significant properties [3] [4] [5] . However, the major drawbacks of TiO 2 are very well reported in literature, which includes: (i) large band gap of 3 to 3.2 eV, hence only a little portion of the solar spectrum (composed of only 5% UV light absorption band between 380 to 420 nm) can be used, and (ii) high recombination rate of the produced electron-hole pairs with low quantum yield, thus restricting the application of TiO 2 for widespread practical applications. To overcome these limitations many researchers made attempts to improve TiO 2 properties by doping with metals [6, 7] as well as non-metals [8] [9] [10] . However, incorporation of noble metal like Au [11] [12] [13] [14] , Pt [15] [16] [17] , Ag [18, 19] on the surface of TiO 2 shows promising results, due to plasmonic effect [20] [21] [22] [23] . Among them, Au-TiO 2 shows promising potential and worldwide acceptance as a reference standard as released by the Gold world council. The incorporation of gold atoms in the form of AuNPs narrows the band gap energy. The enhancement of the photocatalytic activity is correlated to the synergistic effects of absorption of the different light spectrum by titania and gold.
For a long time, scientists have focused to synthesize and explain the role of AuNPs supported on TiO 2 . There are various methods reported for the deposition of Au on TiO 2 however, photodeposition method has advantages over others, as it offers a simple and green process by using solar energy. In addition to this, many other publications have also been reported on the photoactivity of photocatalysts under UV-vis and visible light illuminations [11, 14, [24] [25] [26] . However, to the best of our knowledge, not much is reported on influence of illumination source on the particle size with respect to its photocatalytic activity and photothermal effect for the water splitting reaction.
Several properties including catalytic activity of Au particles are dependent on its particle size. The smaller size appears to perform well as reported. Lowest Au concentration and low particle size density lead to the best hydrogen evolution rate (HER) [27, 28] . In this paper, we clearly established the effect of using differ- 1 The article is published in the original.
CHEMICAL PHYSICS OF NANOMATERIALS
ent light spectra to develop different Au particle size by following a simple photodeposition method. The photocatalytic activity of the Au-TiO 2 has been evaluated under three major light illumination sources Medium pressure Mercury lamp (ML), Solar Simulator equipped with AM 1.5 (SL) and Tungsten lamp (WL). The performance of photocatalyst was assessed by means of the amount of hydrogen evolved under different illumination wavelengths as mentioned above. The present work provides better understanding of the effect of different illuminations on two important aspects, (i) photocatalyst synthesis and (ii) activity of Au-TiO 2 for photocatalytic water splitting reaction.
EXPERIMENTAL

Chemicals and Apparatus
TiO 2 (P-25) used was chemically pure and purchased from Aeroxide while, chloroauric acid and ethanol were procured from Merck. Water used was deionized Sartorius water. Au deposited TiO 2 (P-25) was prepared by simple PD method. The assembly used for photodeposition and experimental evaluations was 500 mL Lelesil reactor with 400 W Medium pressure Hg lamp, 200 × 200 W tungsten lamps and 400 W Solar simulator AM 1.5 (Sciencetech). The H 2 was quantified by using Gas Chromatograph (Shimadzu-GC-2014) equipped with thermal conductivity detector.
Synthesis of Au-TiO 2 by Photodeposition Method
Using ML, SL and WL Irradiations The appropriate concentration of Au metal chloride solution (1% by weight) was mixed with the suspension containing 400 mg TiO 2 in the 340 mL DI water. After addition of the sacrificial donor Ethanol (20 mL), the mixture was de-areated by purging nitrogen for half an hour. The resulting suspension was kept for stirring and irradiation. The photodeposition was performed by illuminating the suspension for two hours under different light sources viz. 400 W ML, SL and WL illuminations and photocatalysts synthesized were designated as PC-1, PC-2 and PC-3 respectively. The color of the slurry had different shades ranging from yellow, pink, blue to finely purple during the photodeposition process, may be due to the reduction process and size of Au nanoparticles. The resultant mixture was centrifuged, washed and dried under reduced pressure at 60°C.
Characterisation of Materials
The UV-Visible-DRS spectra of the Au-TiO 2 samples were measured by using Agilent Cary 5000 UV-VIS-NIR spectrophotometer. The wavelength range used for scanning was 200 to 800 nm and standard PTFE was used as a reference material. Crystalline phase of the photodeposited Au-TiO 2 samples were studied using Desktop X-ray diffractometer (Rigaku miniflex-II), operated in the θ-2θ range 10°-90° in FT mode. The obtained XRD patterns were compared with the standard diffraction database chart of anatase and rutile phases. The X-rays used was with CuK α excitation. The approximate particle sizes of AuNPs were searched by TEM images using FEI TECNAI G2 F20 TEM analyzed at 200 kV. The samples required for TEM photography were prepared by suspending powder in ethanol, sonicated for 5 min and loaded on C-coated Cu grid. 2 for Photocatalytic Activity
Evaluation of Prepared Au-TiO
The photocatalytic performance of Au-TiO 2 photocatalyst under three above illumination sources were examined by using hydrogen generation as a probe reaction. In the H 2 evolution experiment, the suspension containing 150 mg of 1% Au-TiO 2 was dispersed in 320 mL of DI water and 17 mL ethanol (sacrificial donor). Light illumination sources used were 400 W ML, SL and WL. Constant reaction temperature was maintained at 25°C using refrigerating circular bath. After the initial flushing (for the removal of oxygen), irradiation was switch on and readings were taken at an interval of 2 h using Gas Chromatograph for the quantification of generated hydrogen gas.
RESULTS AND DISCUSSION
Characterization of Materials
TEM photographs (Fig. 1) suggest that, Au is present in the form of nanoparticles and appears as dark spherical structures dispersed on the surface of TiO 2 . The insight TEM-EDS spectrum in Fig. 1a confirms the presence of Au on TiO 2 support. In all three photographs the Au particles were located on the edge/boundary of the TiO 2 surface. Particle size comparison chart (Fig. 2) shows that, the AuNPs of PC-1, PC-2 and PC-3 are in the size range of ≈5 to 23 (average ≈14 nm), ≈10 to 30 (average ≈19 nm) and ≈11 to 43 (average ≈22 nm) respectively. Out of three photocatalysts investigated, Au-NPs prepared by ML irradiation are the smallest in size and have good particle size distribution which could be due to the higher photon energy associated with more percent of UV radiations present in ML spectrum, thus efficiently reducing the Au ions on TiO 2 surface. the diffraction peaks remain same without losing its structural integrity. XRD data JCPDS was interpreted with card no 21-1272 and 1276 which confirms presence of Anatase and rutile phases having tetragonal structure with space group I41/amd and P42/mnm respectively. The d-spacing value obtained from the XRD coincides with the value of TEM image. The peak for gold was not detected by XRD because of presence of relatively low percentage of gold (1%). However, we confirmed the zerovalent Au presence in Similarly, the optical properties of the synthesized materials were measured with the help of UV-VIS-DRS spectrophotometer. Figure 4 shows that the optical absorption of bare TiO 2 has a high-pitched absorption edge at around 390 nm with maximum absorption in the UV region. However, the red shift of absorption thresholds for Au-TiO 2 demonstrates that the absorption in the visible light region has been effectively improved by the addition of Au on the TiO 2 surface, which leads to the considerable enhancement in the photocatalytic activity of TiO 2 under visible light irradiation. All the three Au-TiO 2 nano-composites prepared under ML, SL and WL irradiation show noticeable zero valent Au (Au 0 ) peaks with strong absorption band at around 540 nm which suggests reduction of Au(III) to (Au 0 ) via a PD under all the three illuminations. However, AuNPs prepared by ML route shows broad visible spectrum in the range of wavelength of 460 to 650 nm with highest absorption intensity (λ max = 0.80), comparatively nanoparticles prepaered under SL and WL shows reduced λ max of 0.78 and 0.76 respectively. The optical properties such as light absorption and scattering vary with size and shape of the gold nanoparticles. Sphere shaped gold nanoparticles will show high light absorption than the rod shaped gold nanoparticles [29, 30] , further with decrease in sphere size of gold nanoparticles more will be the absorption of lower wavelength radiations. However, rod shaped gold nanoparticles show scattering along with light absorption [31, 32] . In our study, TEM photograph confirms that all three illumination source motivates sphere shaped gold nanoparticles of varying size. These small size Au nanoparticles will absorbs more UV radiations of ML source. Hence, the absorption intensity trend of all the three Au-TiO 2 samples (Fig. 4 ) was observed to be in the order of ML > SL > WL. This is corroborated with the particle size of Au nanoparticles i.e. smallest particle size leads to high absorption intensity.
Effect of Illumination Source on Photodeposition of AuNPs on TiO 2
The different light sources as discussed above were employed to understand the effect of light illumination over the synthesis of AuNPs on surface of TiO 2 using photodeposition method. The smallest particle size range of ≈5 to 23 nm (average ≈14) was achieved with ML lamp, which is attributed to the high photon energy supplied by the UV spectrum, followed by ≈10 to 30 nm (average ≈19) and ≈11 to 43 nm (average ≈21) for SL and WL lamp respectively. Figure 5 shows graphical representation of different size of gold nanoparticles prepared with respect to the illumina- tion sources. All three illumination used have different characteristic wavelength which is major reason for the formation of different particle size, the ML spectrum have λ max peak at 254, 302, 313, 365, 405, 426, 546 and 579 nm, SL AM1.5 have broad absorbance range from 250 to 800 nm and WL have broad spectral wavelength in the range of 350 to 800 nm. The results elucidate that UV radiation facilitates high nucleation rate than the growth of AuNPs on TiO 2 , hence smaller size of AuNPs obtained using ML radiation source compared to SL and WL radiation sources. The photocatalyst synthesis was also attempted in the absence of light (dark), it doesn't reduce Au ions to Au nanoparticles and same is also observed with no color change in the reaction mixture. These results obtained using different light sources indicates that photocatalysts synthesized by photodeposition route is a light dependent phenomenon. The percentage concentration of all the three photocatalysts are expected to be 1% and same is tested by using ICPMS NexION 300X available in our laboratory, which confirms almost same concentration for the photocatalyst prepared under ML, SL and WL source respectively. Among ML, SL and WL illumination sources used, lower wavelength radiation percentage decreases in the trend ML > SL > WL. The results are consistent with the finding of DRS and TEM analysis explained in the Section 3.1. The performance (photocatalytic activity) trend observed for Au-TiO 2 photocatalysts prepared is ML > SL > WL, which is also in agreement with the above findings and discussed in Section 3.3.
Performance of Au-TiO 2 Photocatalyst Prepared under Different Illumination Conditions
The effect of size of metal nanoparticles on hydrogen generation was studied with the Au-TiO 2 photocatalyst. The prepared Au-TiO 2 photocatalysts having different average particle size of Au ≈14 nm (PC-1), ≈19 nm (PC-2) and ≈21 nm (PC-3) under three different illuminations as discussed above were employed to study their consequence impact on the photocatalytic activity for water splitting reaction. These photocatalysts were evaluated for photocatalytic hydrogen generation under three 400 W illumination sources: (a) medium pressure mercury lamp, (b) solar simulator with AM 1.5 and (c) tungsten lamp.
Amongst three photocatalysts, Au-TiO 2 having average Au particle size of ≈14 nm (range ≈5 to 23 nm) is showing best photocatalytic performance in all the three illumination sources (Fig. 6) , possibly due to the smaller Au nanoparticles as compared to others. The size of Au nanoparticles and illumination source appears to play significant role in the presence of all the three illumination conditions. The surface plasmon resonance (SPR) property showed by Au particles increases the optical properties of Au nanoparticles such as optical absorption and optical scattering. These properties largely dependent on the size of nanoparticles. Bigger the AuNPs size, more the optical scattering, thus photothermal effect will also be decreased with decrease in the light absorption. In our study, the HER was observed in the trend ML > SL > WL, i.e. lower in the SL and WL this may be due to decrease in photothermal effect. The results with respect to the size of AuNPs shown in Table 1 are in covenant with respect to the outcome of UV-DRS and TEM results.
Thus the lower HER with photocatalyst having average Au particle size of ≈19 nm (range ≈10 to 30 nm) and ≈21 nm (range ≈11 to 43) is an evidence of reduced catalytic activity and photothermal effect [33] [34] [35] under all three different illuminations. This feature of AuNPs explains decline in HER with the increasing particle size. It is anticipated that, the smaller size of AuNPs exerts more photothermal effect than bigger particle size. This feature explains decline in HER with the increasing particle size. All three photocatalysts were also evaluated in the absence of light (blank), it shows practically no HER.
The trend observed for photocatalytic activity is medium pressure lamp > solar simulator > tungsten lamp. This can be attributed to (i) subwavelength metallic particles function as effective light harvesting agents, which absorb optical radiation due to the surface plasmon (collective oscillations of delocalized conduction electrons) and (ii) metal NPs on absorption of light are excited and some energy is remitted through scattering of light and some energy is dissipated through Landau (nonradiative) damping with significant increase in temperature on the surface of the particles thus facilitating photothermal catalysis [35] .
It also clearly demonstrates that noble metal AuNPs synthesized under different illumination acts differently under different illumination source accord- ing to their size. It appears that hydrogen evolution is influenced not only by photocatalytic activity but it may also be due to the photothermal effect of smaller particle size. This unique finding is not so far reported in the literature.
MECHANISTIC ASPECTS
Chemistry of Au-TiO 2 PD by Using Ethanol as a Hole Scavenger under ML, SL and WL
Exposure to light stimulates the nucleation process, which results in the growth of metal AuNPs. Illumination of the aqueous suspension containing TiO 2 (P-25) support material generates an electron-hole pairs. These generated electrons reduces Au ions to Au metal. A hole scavenger alcohol avoids accumulation of positive charge during photodeposition. The resultant Au nanostructure depends on the many factors including Au concentration, illumination source, illumination intensity, illumination time, precursor stability etc.
Attempt has been made to understand the conversion reactions on the surface of TiO 2 by which Au 3+ ions transformed into Au metal of different NP sizes.
The reaction proposed here for the photoreduction of chloroauric acid with ethanol is based on the earlier reports [31, 32, 36, 37] . The stepwise process is also confirmed by visualizing different shades of color ranging from yellow, pink, blue to finely purple during the reduction process. The probable chemical reaction proposed for the photo reduction of HAuCl 4 is explained below:
The addition of aqueous alcoholic solution enhances the reduction rate for the complete transformation of Au 3+ ion to Au 0 particles. The size of the created Au 0 particles is independent of the properties of the alcohols used in the photo reduction. However, it is observed to be dependent on the illumination source and intensity (no. of photons).
The mechanism for SL and WL is the same as mentioned above however, the intensity and fraction of UV component is very low, leading to inferior deposition nucleation process with consequent implication of bigger particle size of AuNPs. 
Photocatalytic Water Splitting Reaction Mechanism
AuNPs enhances the photocatalytic activity not only due to their role as a co-catalyst, but also due to the plasmonic effect exhibited by them. It is well observed that under different illumination source it shows the different energy transfer mechanism. The interaction with electromagnetic light forms two types of electromagnetic transitions, one interband transitions and other intraband transitions [38, 39] .
When the absorbed photon energy is more than the energy required for the excitation between two bands, then emitted electron goes through interband transitions. The energy required for these transition is very high to move electrons from filled to empty bands. Medium pressure mercury lamp has high percentage of UV, therefore, interband transitions work well in the UV (ML). The excitation of TiO 2 by UV photons results in the efficient charge separation of electronhole pairs.
In addition to the UV driven hydrogen evolution, the smaller size of Au-NP facilitates reforming of alcohol by photothermal effect due to the localized surface plasmon resonance (LSPR) effect. LSPR prevails on lesser size AuNPs which enhances the electric fields near the AuNPs surface. The recombination reaction, electron to holes of AuNP leads to the photothermal effect. However, the photon energy of the UV irradiation is much higher than the SPR, therefore, the photocatalytic activity improvement under UV light cannot be distinguished or demarcated easily for the SPR activity of Au-TiO 2 [40] .
Alternately, there are many hypothesis proposed for the visible light driven mechanism [24, 41, 42] . AuNPs shows strong LSPR properties under visible light photons [43] . Incident of visible light generates eand h + pairs, recombination of these generated electron-hole pairs leads to spontaneous emission. The radiative transitions in which, the sum of electron and photon wave vectors is conserved are called direct transitions which contains scattering agents such as phonons as opposed to indirect transitions (interband transition). Intraband transitions comprising "hot" carriers are occasionally termed as deceleration emission. The intraband transitions works well in the visible-NIR and visible (SL and WL) region as electronic transition occurs at the Fermi level in incompletely filled bands.
It is hypothesized that the electrons generated during excitation of AuNPs may suppress the VB holes of TiO 2 , Au + ions may resume to its original state (Au) by accepting electrons from ethanol (Sacrificial donor). Thus efficient charge separation resultant to the efficient reduction of proton to hydrogen gas without undergoing recombination. Solar spectrum is composed of UV radiations (λ < 400 nm), visible radiations (400 < λ < 800 nm) and near infrared radiations (λ > 800 nm) accounting for 6, 50, 44% of the total spectrum. As solar spectrum is composed mainly of visible with a small fractions of UV light, the above visible light driven mechanism works well with the solar spectrum also. In case of SL and WL the bigger particle size exhibit less photothermal effect, which results in consequent decrease in HER.
CONCLUSIONS
AuNP-TiO 2 based photocatalysts synthesized using an optimized light source dependent photodeposition method illustrated the influence of illumination source on the formation of different AuNPs size on TiO 2 . The average Au particle size of ≈14 nm was obtained with high photon energy supply of UV-Vis rich source i.e. medium pressure mercury lamp which appears to be best for synthesis of Au-TiO 2 , than the solar lamp and tungsten lamp illumination source. The significant enhancement in the photoactivity of medium pressure mercury lamp (ML) induced AuTiO 2 photocatalyst is attributed to the smaller AuNPs having pronounced photocatalytic and photothermal properties. A new concept of stepwise mechanism for the Au photodeposition on TiO 2 surface and photocatalytic hydrogen generation based on radiative transition has been introduced. Thus it is apparent that photodeposition using medium pressure mercury lamp (ML) illumination source is a promising approach to synthesize such photocatalysts, while more importantly the size of nanoparticles and related photocatalytic properties can be tailored using this simple technique.
